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Introduction
Primary spinal tumors account for 4% of all tumors affecting the central nervous system. They include intradural intramedullary (20%) and intradural extramedullary tumors (80%) (1). Two thirds of all spinal tumors are benign intradural extramedullary meningiomas (50%) or nerve sheath tumors (50%, schwannomas) (2). They may cause spinal cord or nerve root compression, which can result in pain, paresthesia, motor deficits, sphincter disturbances or myelopathy. The standard therapy for symptomatic benign spinal tumors is microsurgical resection. However, a surgical procedure may not always be favorable because of tumor location, medical impairment or in cases of tumor recurrence or remnants after microsurgery. Chemotherapy or immunotherapy seems to be of little effect for benign lesions (3).
Radiosurgery has proven effective and safe for the treatment of benign intracranial tumors such as meningiomas or schwannomas. Transferring radiosurgical principles from cranial to extracranial treatments was once technically limited, but the introduction of frameless radiosurgical devices made such treatments feasible. Initially implanted reference markers were necessary to guarantee precise and accurate spinal image guidance. The latest technical developments allow the tracking of spinal segments without fiducials, and thereby have enabled a completely non-invasive approach. Extensive testing and clinical analysis confirmed the submillimeter accuracy of the procedure (4, 5). Similar to cranial sites, this precision allows the treatment of tumors close to nervous structures along the spinal column with a single fraction, as long as the lesions do not exceed a certain size.
Here we report local response, clinical symptoms, and toxicity after radiosurgery for selected patients with spinal meningiomas or schwannomas.
Materials and Methods
Since October 2005 a series of 36 patients with benign spinal meningiomas or schwannomas was selected for radiosurgery at a dedicated institution. An interdisciplinary tumor board at the Munich University Hospital, involving neurosurgeons, radiation oncologists and radiosurgery specialists, confirmed the indication for treatment.
In the cohort, which was analyzed here, only symptomatic spinal meningiomas or schwannomas have been treated primarily. Additionally, 67% of patients had undergone microsurgical resection as the standard procedure and tumor remnants, recurrences, or multiple lesions demanded further radiosurgical treatments. Five patients, who were clinically asymptomatic prior to the radiosurgical treatment, required further treatment because of growing tumor remnants or tumor recurrence, or showed multiple lesions in familiar schwannomatosis.
Medical history, previous treatments, histology and clinical symptoms were recorded. Pain was quantified utilizing the visual analogue scale (VAS). Local tumor response, clinical symptoms and adverse events were evaluated clinically and by radiographic MRI assessment every six months for the first year and then every 12 months during follow-up.
Post-treatment effects were classified as "stable" for unchanged tumor size with or without interstitial regression, "decreased" for shrinkage of at least 10% of tumor volume, and "progressive", if the lesion grew more than 10% without signs of necrosis or interstitial regression in two consecutive MRI series. Adverse treatment effects were registered and graded according to the common terminology criteria for adverse events (CTCAE v.3 .0) (6).
Timing of clinical visits and data collection was supported by a customized electronic database (7).
All patients were treated in an outpatient setting with a single irradiation fraction utilizing the CyberKnife  system equipped with Xsight  Spine tracking software (Accuray Inc. Sunnyvale CA). The image-guided tracking system offers a non-invasive treatment procedure. Stereoscopic radiographs of the involved spine segment are taken before each beam and compared directly with previously generated digitally reconstructed radiographs (DRRs). The image contrast of the spinal bone is used for surface rendering and superimpositioning. The live images of the spinal column are attuned with the DRRs and the three-dimensional correction values are employed directly by the robot. Internal markers or implanted fiducials are not necessary.
For the calculation of digitally reconstructed radiographs (DRRs) as well as for treatment planning a / computed tomography (CT) scans with 1.25 mm slice thickness are conducted covering at least two spinal levels above and below the lesion. CT datasets are fused with magnetic resonance imaging (MRI) scans for target definition and delineation of risk structures such as the dural sac and nerve roots. No additional margins are added to the target. The dose is prescribed to the 70% isodose line, enclosing the target with at least 95% coverage. The dose prescription is standardized, but was adapted if necessary according to histology, tumor size, and dose to the spinal cord. Conformity index, coverage, homogeneity, V10 (volume of surrounding tissue receiving more than 10 Gy) and V8 (volume of the delineated dural sac receiving more than 8 Gy) are recorded as quality parameters. All treatment plans and dose-volume-histograms (DVH) are evaluated by a medical physicist as well as two specialized neurosurgeons.
Results
During a period of four years (October 2005-October 2009) 36 patients with 39 spinal lesions were treated in 38 sessions (see Table I ). Median follow-up was 18 months (min 6-max 50). The median age was 45 years (range 18-80 years), with 22 female and 14 male patients. For patients with multiple lesions and repeated treatments see Table II . The median target volume was 3.4 cm 3 (range 0.2-43.4 cm 3 ).
Histological evaluation revealed 25 schwannomas and 11 meningiomas (WHO grade I). In eight patients without histological tumor confirmation the lesions were categorized radiographically as schwannomas, because of their typical intraforaminal configuration. In all other cases diagnosis was confirmed by previous surgery at the same site (23 cases) or another spinal level in five cases with multiple lesions. One patient suffered from neurofibromatosis type I and two had a confirmed neurofibromatosis type II. One patient had a hereditary schwannomatosis.
Spinal levels are displayed in Table III . Eighteen lesions were located intraspinally, 9 of these also intradurally; 21 lesions were located paraspinally or intraforaminally. The median prescription dose was 14 Gy (95% C.I. 13.4-14 Gy) with a minimum dose of 12 Gy and a maximum dose of 15 Gy (see Table IV ). The median prescription dose was 13.5 Gy (95% C.I. 13-14 Gy) for schwannomas, and 14 Gy (95% C.I. 13-15 Gy) for meningiomas. The dose was prescribed to the 70% isodose line enclosing the target.
Initial clinical symptoms (pain, sensory, and motor deficits) are summarized in Table V . Nine patients were without symptoms before treatment. Two patients already showed myelopathic signs before treatment.
Radiographic Outcome
After a median follow-up of 18 months (range 6-50 months) we did not see any local tumor progression. One patient with hereditary schwannomatosis required two additional radiosurgical treatments for three distant spinal tumors.
Seventeen patients (47%) had stable tumors, which showed specific imaging reactions after radiosurgery (Figure 1 ). This positive radiographic response was comprised of imaging changes such as reduced central contrast enhancement or a clear delineation of the lesion towards the surrounding tissue. In 19 patients (53%) tumor size was significantly reduced (over 10% of volume). Two patients developed a transient enlargement of their lesions, associated with changes in the interstitial structure and contrast enhancement that suggested a positive response. Both lesions were schwannomas that showed no further enlargement.
Clinical Outcome
Four meningioma and five schwannoma patients were without initial symptoms. Pain as an initial symptom was common in schwannoma patients (16 of 25 with a median VAS score of 5) and less frequent in patients with meningiomas (3 of 11 with a median VAS score of 5). One patient with a schwannoma had the highest score (VAS 10) initially, which reduced to VAS 1 after treatment. She developed another painful schwannoma (VAS 8) and underwent radiosurgery again for this new lesion. Finally her pain syndrome reduced after the last treatment to VAS 2.
A reduction of the initial pain level could be achieved in 8 patients, 7 of the 16 schwannoma patients and 1 of the 3 patients with meningioma. One patient suffered from worsening of his symptoms (pain, sensory deficit) while a slight swelling of his schwannoma in the left foraminal canal at level C 3/4 was observed in the MRI six months after treatment.
One patient with a ventral intradural meningioma at level C 1 and initial gait disturbance developed a transient aggravation of her symptoms without radiographic signs of myelopathy. The disturbances improved after ten days of oral steroid medication. All other patients who presented with motor deficits remained stable, one improved. Ten of the 15 patients with sensory deficits remained stable. Four patients with a sensory deficit improved after the treatment (3 schwannomas, 1 meningioma). We did not see any newly developed myelopathic signs radiographically or clinically. 
Discussion
Only few reports on radiosurgery for benign spinal tumors have been published so far (8-13). To our knowledge, this is the first study analyzing the outcome of robotic radiosurgery for benign spinal meningiomas and schwannomas treated exclusively with a single-fraction scheme applying the noninvasive fiducial free setup. Two thirds of our patients had undergone local tumor resection prior to the radiosurgical treatment. All lesions were confirmed as benign (WHO grade I). Eight patients presented with a recurrent tumor after surgery and required further treatment (23). In the other cases, tumor remnants after surgery, the operative risk because of comorbidities, reluctance of patients towards open surgery or multiple tumor sites have been the reason for choosing radiosurgery as treatment option. In cases with multiple lesions, often associated with neurofibromatosis or schwannomatosis, a potent non-invasive treatment option is desirable. Otherwise these patients undergo frequent surgical procedures over time, with considerable impact on their quality of life (24) . If the diagnosis is already ascertained by previous microsurgery or radiographical evaluation and supersedes another histological confirmation, these patients may be treated effectively by spinal radiosurgery. Also medically impaired patients with a high peri-operative risk profile, may benefit from radiosurgery in the first line after individual evaluation. In each case an interdisciplinary board integrating neurosurgeons and radiation oncologists specialized in radiosurgery should decide for the best treatment option.
The radiosurgical approach has proven to offer an effective and safe treatment option and is nowadays an established therapy for benign intracranial tumors (25-29). For malignant spinal tumors, extracranial radiosurgery is currently developing and successively replaces surgery or conventional radiation therapy in selected cases (30, 31).
The expansion of the radiosurgical principle to the treatment of spinal lesions was particularly enabled after the implementation of the Xsight Spine tracking system, which allows a non-invasive tracking and treatment procedure (4, (32) (33) (34) (35) (36) . Therefore the implantation of markers used for tracking is no longer necessary. During treatment patients are lying freely on the treatment couch without any rigid fixation or additional tracking device. Medically impaired or elderly patients appreciate the comfortable preparation and treatment procedure. To account for patient movement and thus inaccuracy during the treatment, we analyzed the correction logs of the couch system. Patient motion occurring between position imaging acquisitions can be estimated from the correction values. The mean vector of inaccuracy, drawn from 260 spinal treatments, was 0.6 mm, with a maximum of 1 mm inaccuracy between two images in the worst case (37). These small error values confirm the precision of the tracking system and accuracy of the treatment. The effective dose attributed to the imaging during treatment is dependent on the entrance dose and even more the body location and required number of images. It is comparable to a diagnostic CT scan of the treated body region (38).
For accurate spinal tracking as well as the delineation of target and risk structures, high-resolution radiographs are necessary, especially if small lesions in close contact with the spinal cord have to be identified. We propose 1 millimeter slices of T1 contrast-enhanced MRI series, which are fused with the planning CT slices.
In addition to its use in treatment planning, high resolution MR imaging is mandatory for the radiographic outcome evaluation. In the follow-up of radiosurgically treated benign lesions, only little radiographic changes are expected, making the correct evaluation challenging (39). The response of spinal lesions to radiosurgery does not seem to differ from intracranial benign tumors such as meningiomas or vestibular schwannomas (40). A significant reduction in size (over 10% in volume) was seen in 53% of our cases. This corresponds well with the findings of other authors, although our follow-up is relatively short with a median of 18 months (41, 42). However, additional criteria apart from tumor volume should be used to evaluate the response to radiosurgical treatment, especially for cases without noticeable tumor shrinkage. Criteria we use are loosening of the internal tumor structure, reduction of central contrast enhancement, and attenuated delineation of the target towards surrounding tissue. These radiographic findings are signs for a positive response of the lesion, even if a transient enlargement may occur because of tumor swelling. Dedicated specialists, who are experienced in evaluating post-radiosurgical imaging, should provide the radiographic outcome evaluation.
Since benign tumors tend to react slowly to radiosurgery and late recurrences may occur after several years, the current study is limited by its relatively short follow-up. However, some conclusions regarding efficacy and safety can be made. We observed no local tumor recurrence in our selection of patients. The efficacy of the treatment is comparable to outcomes described by other authors (8, 43). The absence of severe adverse events or significant deterioration of clinical or radiological findings, especially myelopathic signs, supports claims about the safety of the treatment. Even with the relatively short follow-up myelopathic signs would be expected in this period, as reported by Gibbs et al., they encountered six myelopathies approximately six months after imageguided spinal radiosurgery in a group of more than 1000 treated patients (44). Since the follow up of our patients is mostly longer than six months, we do not expect to see any severe adverse events in the following years. Nevertheless, neurological or radiological deteriorations have to be cautiously followed. Although no significant predictive factors for myelon toxicity have been identified by Gibbs et al., they suggest keeping the volume of spinal cord exposed to more than 8 Gy below 1 cm 3 (44). A more detailed analysis by Shagal et al., could identify constraints regarding maximum point doses for the spinal cord with regard to the fractionation scheme (45). In sinlge fraction treatments this value should be kept below 10 Gy to prevent radiation induced myelopathy. However, with regard to our concept of contouring the dural sac as the organ at risk, the maximum point dose seemed not to be a reasonable value and therefore we concentrated on the volume based concept of the 8-Gray volume. In our data the median volume of the dural sac receiving more than 8 Gy equals to a value of 0.2 cm 3 and a maximum value of 1.2 cm 3 ( Figure 2 ). Since we contour the dural sac and not only the myelon as a risk structure in our treatment planning, an additional safety margin is given towards the nervous tissue. Thus, we feel confident that our treatment approach is a safe one.
Conclusion
Single-session robotic radiosurgery for spinal meningiomas and schwannomas has proven to be a safe, non-invasive treatment option, inhibiting tumor progression within the observation period in selected patients. Microsurgical tumor resection remains the primary therapy of choice for benign spinal lesions. However, radiosurgery seems to be an effective tool for patients, who are not suitable for open surgery, as well as for patients with multiple lesions, recurrences, or tumor remnants after microsurgery. 
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